Recently, the intensity of light multiply scattered from ensembles of disordered particles has been found to be enhanced in the backscattering direction [1] [2] [3] [4] [5] [6] . This effect occurs both for colloidal suspensions [1] [2] [3] and solid samples [4] [5] [6] . As in the former case the scattering mean free path could be varied by changing the particle's concentration, it was clearly demonstrated that the enhancement is due to the socalled coherent backscattering (CB) effect [7] [8] [9] [10] . This is a general effect in the multiple scattering of waves by a disordered medium. It arises from the time reversal invariance properties of the wave propagation. Due to this invariance, each wavelet scattered by a series of particles interferes constructively with its time reversed counterpart in the backscattering direction, while, sufficiently away from this direction, the interferences average to zero. This results in a backscattering peak having a width proportional to A//l *, where A is the wavelength and I * is the transport mean free path [2, 8, 11] . CB of light has widely attracted interest because of its connection with weak localization of electrons [12] , and also in its own right as a precursor of strong localization of light in very disordered media [13] . In view of the search for the latter regime, it is important to understand well the physics underlying the coherent backscattering. The aim of this study is therefore to compare as far as possible precise measurements of the coherent peak characteristics with recent theoretical predictions [11, [14] [15] [16] .
The phase shift between a given light path and its time reversed partner is proportional to the product 9 d, where 0 is the angle with respect to the backscattering direction and d the distance between the first and last scatterers of the path [3, 11] . It is therefore a result of all theories [10, 11, [14] [15] [16] [17] , that the contribution of a given path to the coherent peak extends into an angular range related to the size of the path, i.e. it becomes narrower as the path length, and hence d, becomes longer. This behaviour can be probed in several ways, for example by time-resolved measurements using pulse technics [18] . As this typically requires a picosecond time scale, we found simpler to study the sensitivity of the peak to addition of an absorbing dye. Since the (long) paths suppressed by absorption at small dye concentrations are much larger than the transport mean free path, our data can be described in terms of the scalar diffusion approximation [11, 15] . Our results also qualitatively agree with the recent measurements of Van Albada et al. [19] , who studied finite size slabs on the same purpose.
An other basic prediction of all current theories is that the enhancement factor precisely in the backscattering direction ( 8 = 0) should be exactly 2, when the incident and the detected polarization are parallel [2, 3, 11, 15] . Of course, the possible contribution of single scattering has to be subtracted, as it is not subject to CB. As apparently this factor of two has not been yet precisely reached experimentally, it is of interest to test carefully this point.
Finally, we are also interested in the shape of the CB peak. Both experiments and theory [1] [2] [3] 11, 14] have shown that this lineshape depends on the configuration of the polarizers. When detected and incident polarizations are parallel there is full coherence [15] between a light path and its reversed partner. In contrast, in the crossed (1 ) configuration, the coherence decays exponentially with the path length [11] , resulting in a more complicated situation. Several theoretical approaches have been recently used to predict the lineshape. One of them [10, 16] is exact for scalar waves, and can thus be applied, at best, only to the parallel (// ) configuration of polarizers. Another [14] [5, 6, 20] .
2. Experimental set-up.
The experimental set-up used was similar to the one described earlier [3, 20] [19] .
After this qualitative discussion, we proceed to a quantitative analysis of the above observations. Because of point i) above, we expect the scalar diffusion theory [7, 15] to be valid for the suppressed paths. According to this theory, the coherent part of the albedo is given by an integral [7, 15] [15, 17] . Figure 2 shows the obtained values of qa plotted as a function of (1/1,,)1/2. q,, appears indeed proportional to (1/1,,)1/2 as predicted by (2) . where both the incoherent albedo a i (1,,) and a, (q, oo ) are experimentally measured, and qa is calculated using (2) from I a and 1 * = 20 J.Lm. They are very close to the experimental curves «; (la ) + a, (q, I a). Hence, in the range of l a studied (down to about 120 vtm =-t 6 1 *), the scalar diffusion theory correctly accounts for the effect of absorption on the coherent backscattering peak.
We shall see that this theory also accounts for the absolute variation of the incoherent albedo a; (l a ) with the absorption mean free path la. This variation is related to the angular dependence of the coherent // albedo where qa is connected to la through (2) . For large la (small qa), we have for each polarization where the factor 1/2 accounts for the observation of a given polarization and /3 is a constant which was derived earlier [11, 15] where zo /1 * = 2/3 is fixed by the boundary condition on the diffusion equation [15, 22] . Fo and a are the incident homogeneous flux and the diffused flux (per unit solid angle) respectively. Figure 3 shows the variation of the experimental value of ai i with (1/1,,)1/2 for both polarizations. Consistent with figure 1, the two curves are found nearly parallel, up to the largest dye concentrations used. This shows that, at least for the paths longer than about 6 1 *, the light is fully depolarized by the multiple scattering. Furthermore, the variation of a is linear for small qa's, as expected from equation (5) . We find when using l * = 20 Rm. We emphasize that the linear dependence of a; on (1/la)lr2 is equivalent to the linear angular dependence of the coherent albedo at 0 == 0 (triangular singularity). It is however more easily measurable since ai(la) is, unlike a ( e ), not sensitive to a finite experimental resolution.
Expression (5) is expected to hold quantitatively since it depends only on the contribution of long paths [15] . This can be experimentally tested from (7) , provided the absolute value of a i (oo ) is known. [14] (which would give f3 /2 -1.5 F014 7T).
(2) For the 0.109 Rm beads at a 10 % solid fraction, we obtain from this calibration a + a .L --(5 + 0.5 ) FJ4 7T. This is in agreement with the diffusion theory [22] and with the measurements of Kuga and Ishimaru [1] . For the other beads, we find a + a .L --6 Fg/4 1T (see Tab. I) also in agreement with reference [1] . 4 . Enhancement factor in the backscattering direction.
From the curve (la = oo ) in figure la, it is obvious that the lineshape is not triangular at small angles and that the enhancement factor at 9 = 0 is not two.
We shall now discuss possible experimental reasons for this behaviour. (5) with smaller /* and higher solid fractions, the enhancement factor also seems to be smaller than two [6, 16] . As pointed out by Lagendijk [21] , this effect may be due to multiple scattering contributions neglected in the present theory. In this context, it is interesting to note that the coherent contribution of closed light paths with first and last scattering from the same particle does not depend on angle. On the other hand, Van Albada et al. [19] reported, for similar polystyrene spheres, an enhancement factor of two, once the contribution of the first layers of their sample has been subtracted. It is not clear to us that these measurements are precise enough to preclude any enhancement factor larger than 1.8. Moreover, the same authors have recently found that their enhancement was appearently overevaluated [16] . Hence whether our own and others results are still subject to experimental artefacts (6) [6] could help to settle this question. 5 . Analysis of the lineshape.
We showed in section 3 that for the finite size scatterers used a scalar diffusion theory [11, 15] (4) Single scattering is responsible for the factor 1.89 instead of 2 found in reference [14] for point-like scatterers. However, for our 0.46 Rm diameter spheres, one can estimate this single (Mie) scattering contribution to be less than 1 % of the total backscattered intensity.
(5) Using a solid sample similar to Kaveh et al. [6] (BaS04 particles), we found extrapolated enhancement factors of 1.7 (see Fig. 8 (7) . As discussed in reference [15] , the physical mechanism for this effect is the initial transfer of polarization from the incident to the crossed direction. This transfer also results in the prediction of an about two times smaller incoherent intensity in the perpendicular configuration of polarizers than in the parallel one [6] . As shown in the second row table I, this is indeed experimentally observed for small enough scatterers. For larger scatterers, however, where l * &#x3E; I (see Tab. II), the ratio of both intensities is found close to unity. This depolarization ratio which appears large compared to the case of point like scatterers is likely due to the fact that numerous scattering events occur on a transport mean free path, depolarizing the incoherent intensity for paths of length L ::. 1 *. If this is so, a scalar diffusion theory is more relevant for these larger spheres than the vectorial theory derived for pointlike scatterers [14] .
Consequently, one could expect the lineshape to depend only on ql *, and not on the microscopic properties of the scatterers. We tested this by plotting in figure 4 the lineshape as a function of a reduced angle 0 / 0 *, for the three larger diameters (6) One may consider the diffused light reflected from the cell walls back into the sample since this process is not governed by the same polarization properties than scattering from spheres. However this process can be shown to also preserve the full coherence between time reverse paths in the parallel configuration (the method is similar to that used in reference [15] to deal with Mie scattering).
(') While we feel their diffusion approximation may be somewhat unsuitable for treating this problem, their result is presumably qualitatively correct, as discussed in reference [15] . [11, 15] , 0.36 [16] , 0.50 [15] ) but is smaller than that of the « vectorial theory » ( -0.7 [14] ).
This shows that the transport mean free path of light in a medium containing large enough scatterers can be measured by the width of the coherent backscattering peak (g). This property has been recently used [6] .
We now compare the full lineshape in the // configuration to the full theoretical prediction of the scalar diffusion theory [11] , letting aside for a moment the case of point-like scatterers.
where we have included a factor 1/2 to account for the observation of a given polarization.
(g) We note however that the incoherent intensity, measured just outside the cone, can considerably depend on the studied material (e.g., we measured it to be 30 % larger for solid BASO, than for our polystyrene spheres). Therefore 1 * should be better measured from the absolute slope da 1 ldq (Sect. 3) than from the width of the peak. [11] . We shall thus examine this case first.
As in the case of the parallel configuration, any calculation of the peak width would necessitate an exact calculation of the low orders of Rayleigh scattering. On the other hand, the predictions of Stephen and Cwilich [14] for the depolarization ratio N) +Ill (N) ) and the coherence ratio [15] , respectively, of the transverse polarization for these loops. For the smallest beads, we use expressions of reference [15] for P (N ) and C (N) and find a ll a / ' = 0.64, a -L/ a:-L = 0.14, which also compare fairly well with the experimental values 0.7 (9) and 0.14. This agreement makes conceivable that expression (10) indeed gives a good approximation of the backscattering enhancement for crossed polarizers.
On this basis, we may compare the prediction (10) to the experimentally measured a-L/a-for large scatterers. In this case, P (N &#x3E; 1 ) -I , as previously discussed, but C (N ) is not known. However, it is interesting that, taking P (N ) = 1 and assuming than C (N ) is given by the expression derived for pointlike scatterers, we find a l l a / = 0.27 in surprizingly good agreement with the experiment. This would suggest that unlike the polarization, the coherence between time-reversed paths in the crossed configuration pertains over distances of order /* rather than l. This is consistent with figure 1b, which shows that even for la ~7 1 *, the height of the (J..) peak is reduced compared to the pure case (la = oo ). At any rate, this discussion shows that the crossed lineshape is certainly a less good probe of I * than the parallel one. This conclusion is reenforced by the fact that some solid samples [6] although made of large scatterers have only a small ± backscattering enhancement (5). 6 . Statistics of the multiple scattered light.
Recently, Kaveh et al. [6] have measured the probability density P (I ) of the intensity scattered from a BaS04 solid sample (for parallel polarizers). They found that P (I) strongly deviates from the usual negative exponential [23] statistics for single scattering Gaussian speckle P (1 I ) = e-I/T/!-, both at backscattering and in the wings of the cone. Their data are better described by the gamma density distribution [23] :
with ,u = 2.5. The authors relate this observation to the large value of A//*, corroboting this with numerical simulations. This interesting result appears somewhat surprizing since, at least for uncorrelated scatterers, the multiply scattered fields are (9) Since N = 1 in Eqs. (9) and (10) believed to be random independent variables (except between a given scattering sequence and its time reverse). One would thus expect Gaussian statistics for the total scattered field and consequently a negative exponential statistics (g = 1) for the intensity. We therefore measured the statistics of P (I ) for different systems, specifically on our aqueous suspensions of polystyrene spheres and on different BaS04 samples. To this end, we analysed the temporal fluctuations of I as arising from Brownian motion and from rotation of the samples, respectively, using a digital 64 channels correlator [20] .
It is easy to show for a gamma density distribution of I that J2/ 12 = (g + 1)/ J.L, so that one can extract g from a measurement of the second moment of I.
This quantity can be measured even for a small number n of photocounts per sampling time by extrapolation of to zero time [24] . For all our polystyrene suspensions at a 10 % solid fraction, we find /2/ P '" [20] . As [25] . the statistics of P (n ) is dominated by the Poisson statistics of the photomultiplier. For the statistics of P (I) given in equation (11), the Mandel formula [26] relating P (n ) and P (I) yields iT being the average number of photons per sample.
In order to obtain a reliable value for g from equation (12) , one needs fi:::. 1. We therefore increased the viscosity of our samples by adding glycerol. On adding to a 10 % solid fraction suspension of 0.46 jim diameter spheres an equal amount of glycerol the relaxation times become about 5 times longer and we reached !I -4. Figure 7 shows the measured distribution P (n ) obtained under such conditions outside the cone (data were identical for 0 = 0). Curves (a) and (b) are computed from equation (12) Precise data on P (I ) for small //f can be obtained by using large values of n (~50). To this end, we further increased the sampling time (and the relaxation time) by using a suspension with 90 % glycerol (with a calculated a /l * 0.001). Figure 7 shows that equation (12) The statistics of the scattered intensity were measured by rotating the sample, again using a sample time T short enough for the scattered light to remain fully correlated within T. During the slow rotation, the temporal evolution of the speckle pattern was directly observed on a screen. First, a global rotation around a direction symmetrical to the incident beam with respect to the axis of rotation could be seen. Second, the speckle spots themselves lose their identity. In order to obtain reliable statistics, we therefore slightly tilted the rotation axis (~ 5° ) with respect to the incident beam, so that a large number of speckles spots are involved in the measurement of P (n ) for all angles of observation studied (between 0° and 10° from the backscattering direction). By measuring the temporal decay of the scattered intensity autocorrelation function, we determined the number of uncorrelated samples used in the determination of P (n ) to be between 2 000 and 3 000. The same measurement also gave the maximal allowed sample time T to deal with a fixed sample. By simultaneous variation of the rotation period and T, we could obtain P (n ) for different n, at a fixed photon flux at the photomultiplier, and alternatively make sure that there was no influence of the incident flux at a given n value.
In order to compare P (1 ) Fig. 7) . Hence, this behaviour is not due to the relatively large value of À I 1 * for the BaS04 sample. It can also not be due to dead time problems because the measured P (n ) for a given ii does not depend on the flux incident on the photomultiplier. It seems rather possible that the intensity probability distribution in the case of a slightly non ideal resolution is not perfectly accounted for by a gamma density distribution at small III- [23] . Indeed where p is the concentration of spheres, a ( ú), cp ) the differential cross section, w the angle between the incident and scattered wavevectors, cp the angle between the plane of (single) scattering and the incident polarization, S (ú) ) the static structure factor (11) of an hard core interacting gas [28] [30] , with results qualitatively similar to ours.
